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We describe the passivation of In@91) surfaces with thioacetamid€H;CSNH, or TAM) as an
alternative to the standard sulfur passivation using inorganic sulfitté,),S,. Quantitative
comparison using x-ray photoelectron spectrosc@§PS) demonstrates that TAM passivation
dramatically improves the stability against reoxidation in air compared with the inorganic sulfide,
with little to no etching during the treatment. We find that TAM passivation preserves the intrinsic
surface charge accumulation layer, as directly confirmed with laser-induced photoemission. Overall,
TAM appears to provide superior passivation for electronic device and sensing applicatid885©
American Institute of Physic§DOI: 10.1063/1.1946182

The importance of surface passivation for improving thea nitrogen flow, and stored in a covered plastic wafer tray.
performance of 11l-V semiconductor devices has been recogfhree samples were separately prepared and measured 2—-3
nized for over a decadg® The features desirable for practi- times each at different time intervals of air exposure.
cal device passivation include the use of wet chemistry, re- The passivated surfaces were characterized using x-ray
moval of surface oxide and contaminants with minimalphotoelectron spectroscogXPS and laser-induced photo-
substrate etching, and chemical stability of the resulting pasemission spectroscop.PS at room temperature in an ul-
sivated surfacd.A standard ammonium sulfidgNH,),S,] trahigh vacuun(<1x 10°° Torr). Our commercial XPS sys-
treatment is widely used to produce S-passivated IlI-V semitem is equipped with a monochromatized ¥ source, a
conductor surfacesand is therefore a useful benchmark for magnetic electron lens, and a hemispherical electron energy
evaluating other method<Effective passivation of GaAs has analyzer(nominal resolution: 0.36 eV for Asd3 In 3d, and
also been reported with thioacetami@H;CSNH, or TAM 0.9 eV for As 2; nominal sampled area: Normal emission
hereafter.>*® Similarly, on InAg110, TAM treatment has <1 mn¥, off-normal angle-resolved data
been reported to produce smaller roughness and more stable150x 150 um?).° For XPS data, peak binding ener(8E)
tunneling current(during scanning tunneling microscopy and full width at half maximun{FWHM) are reported with
compared to théNH,),S, passivatiorl. Here, we compare 0.1 eV precisiori. A home-built LPS setu§ uses the fifth
the two treatments for the technologically importantharmonic of a Nd:YAG lasef5.84 e\) and a double-pass
InAs(001) surface in terms of the resulting stability in air and cylindrical mirror electron energy analyz€9.2 eV nominal
organic solvents and the degree of substrate etching. We alsEMA resolution,~40x 40 um? sampled area
examine the state of the intrinsic surface charge accumula-
tion layer. Overall, we find the TAM passivation to be poten-
tially superior for both electronic device processing and As 2ps3); (a
emerging applications in chemical and biological sengi%ﬁ. I

In 3ds/2 (b)
InAs(001) samples(=1 cn?) were diced from a com-
mercial single-side polished undoped wafetrinsically n I i
type). The standard TAM solution was prepared by dissolv- 0° 0° g
ing 0.2 g of TAM powder(ACS reagent grade 99.0% 15 0
mL of dilute NH,OH (ACS PLUS grade 29.7% I -
35°
65° 65°

NH,OH:H,0=1:9 byvolume. In contrast to th&NH,),S,

~

As 3d (c)

XPS Intensity

o . . . 35°
passivatiorf, adding elemental sulfur did not improve the

efficiency of the TAM treatment. Samples were degreased in

acetone and ethanol for 2 min each, rinsed in triple-distilled 65°

water, and dried under a nitrogen flow. Degreased samples ¥ ~n e T EAAMWMAAAST ba . L |
were immersed for 4 min in TAM solutions held just below 132813241320 448 446 444 442 44 42 40 38
the boiling point(=~78 °C waterbathin loosely capped glass Binding Energy (V)

vials. Heated solutions became _S“ghtly yellow in color, W_Ith FIG. 1. (Color onling XPS data for TAM-treated INA801). After 2 min in
apH of 11.0-11.5 me_asu.red withH paper after th_e Passl- water and 5 min in air, As-Qis only observed in the surface sensitive
vation. Following passivation, each sample was rinsed for s 2p,, region (a). Fit parametersi(a) As-In BE=1323.3 eV, FWHM

min in copious amounts of triple-distilled water, dried under=1.8 eV, As-Q BE shifts 1.7-2.0 eV, FWHM=2.6 eV, anth) In-As BE
=444.7 eV, FWHM=0.8 eV, In-S BE shift 0.5 eV, FWHM=0.8 eV, In:O

BE shift 0.7 eV, FWHM=1.2 eV. Full symboisdata; thick linesfit re-

¥Electronic mail: dmitri.petrovykh@nrl.navy.mil sults; thin lines=fit components and backgrounds; bottom of panels
YElectronic mail: whitman@nrl.navy.mil [(a) and(b)]=fit residuals; off-normal emission angles as labeled.
0003-6951/2005/86(24)/242105/3/$22.50 86, 242105-1 © 2005 American Institute of Physics
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S coverage data in Fig(& shows considerably faster S loss
for the first three days aftdiNH,),S, versus TAM passiva-
tion (-=0.061+0.005 versus -0.021+0.004 slppllo oxi-
dized S species are detected by XPS even after extended
exposure to air, indicating the formation of volatile S&@m-
pounds as the most likely S loss mechanism in both cases.
The trends in Figs. (@) and Zb) support a correlation be-
tween the stability of the S-passivating layer and robust pas-
sivation against reoxidation, as would be expected for a pas-
sivating treatment. The SI2BE=161.6 eV is essentially
identical after both treatments:**3so the enhanced stabil-
~ ] ity after the TAM passivation is not due to a dramatic differ-
0.01 01 1 10 : ence in the charge transfer during S chemisorption. The ini-
Time in air (days) tial S coverages are also similar after both treatments. The
B ) ) ) enhanced stability of the S layer produceddsganic versus
FIG. 2. Stability of S-passivated Ink&01) in laboratory ambienta Com- 3 oanic sulfide may be related to a difference in adsorbate
parison of S loss aftefNH,),S, and TAM treatment.(b) Reoxidation . L. . . .
in air after (NH,),S, and TAM treatment vs an HCl-etched unpassivated "€@ctivities, similar to that reported for S-passivation in or-
control (squares Gray triangles and lines (NH,),S, treatment; black ganic versus inorganic solverits.
circles and lines TAM treatment. Lines represent semilog fits to data. Right The stability of the TAM-passivated samples was also
axes indicadte corresponding coverages calculated in Ref. 9, where 1 Mkagted by overnight soaking in common organic solvents:
=5.41x10'* atoms/crf for bulk-terminated InAG0D). Hexanes, toluene, ethyl acetate, tetrahydrofuran, methylene
chloride, and chloroforntall ACS or HPLC grade used with-

We find that the TAM passivation of InAs is remarkably out additional purification The average S coverage after
efficient (Fig. 1). A standard evaluation of oxidation and re- these exposures was reduced $15% compared to as-
oxidation of IV semiconductors is based on measuringPassivated samples. Both stability and oxidation of TAM-
characteristic As-Qfeatures in the As@ region around 44 passivated samples in solvents were almost identical to the
eV binding energy®"'3After TAM passivation, no such (NH4)>S, benchmark, as was the trend of increasing oxida-
As 3d features were observed in normal or off-normal emis-tion with decreasing dielectric constant of the solvent.
sion [Fig. 1(c)]. Instead, we had to use the more surface The etch rate of INA®01) by TAM solutions proved
sensitive As P peaks[Fig. 1(a)] to quantify reoxidation of difficult to measure, because the masking methods used in
TAM-passivated surfaces. The attenuation lengths for XPghe (NH,),S,-passivation studydid not withstand the higher
photoelectrons in InAs are 0.691 nm for Agg2 and 3.11  temperature angH of the TAM solutions; specifically, pho-
nm for As 3, thus the As P photoelectrons originate almost toresist etch masks became hardefd&lelopeg, and poly-
exclusively in the top few atomic layers. (methyl methacrylate masks delaminated. The masking

S-passivated INA801) (InAs-S can be modeled as a method we found effective was embedding one-half of an
stack of alternating In and As crystal planes passivated by fAs sample in freshly cast polydimethylsiloxa@DMS)
layer of chemisorbed S atorfid This S/In/As “layer-cake” followed by hardening the PDMS overnight at room tem-
structure is almost exclusively terminated by an In layer withperature. After 30 min in a concentrated TAM solution, we
chemisorbed S, which ensures minimal exposure of the topemoved the mask and inspected the samples by optical and
most As layer to the environmefif. Some oxidation of the atomic force microscopy, but did not observe any etch steps.
top In layer will be unavoidable in ambient because of im-We thus conclude that the etch rate for 1@@1) in TAM
perfections in the S-passivation layer. The small differencesolutions is much slower than the 0.8 nm/min measured in
between the chemical shifts for In;@nd In-S makes it dif-  (NHz),S."
ficult to distinguish these Ind®components by Xp&M*3 The most important electronic property of InAs-S sur-
For example, in Fig. (), the presence of surface compo- faces is the S-induced band bending and the resultin% accu-
nents is indicated by a shoulder which increases in offmulation layer(AL) of conduction-bandCB) electrongh*
normal emission. Fitting and quantitative analysis of theThe high-quality of TAM-passivated InA801), the narrow
In 3d data are described in detail elsewhére. band gap of INAE;=0.4 eV), and the use of the spectrally

Oxidation of As requires breaching the top two layers ofpure 5.84 eV laser excitation enable us to directly observe
the S/In/As layer cake. In combination with the surface senthe CB AL using sensitive low-background LPS. The CB AL
sitivity of As 2p photoelectrons, this requirement makes theappears as nonzero intensity at the Fermi lé&g) in Fig. 3
As-O,/As-In intensity ratio a reliable quantitative measure (i.e., a significant electron density in ¢Brhe E is pinned
of surface reoxidation after passivatigfig. 2(b)], whichwe 0.2 eV above the CB minimurtCBM) confirming that the
therefore use to compare TAM passivation to the previoudL is formed due to S-induced surface band bending, con-
(NH,),S, benchmark Quantifying the amount of S on the sistent with previous studies of InAs?$? For comparison,
surface is another way to compare the two passivation treatn undoped InAsEg is pinned<50 meV above the CBM.
ments[Fig. 2(a)]. Compared to the HCl-etched unpassivated(Note that only the position and nonzero intensity of the CB
control [squares and dashed line in Figb®, both treat- peak, but not its shape, are important for the assignment as
ments clearly slow reoxidation. There are two reoxidationthe CB AL signature.
regimes after TAM passivation: Slow for the first three days  The energy scale in Fig. 3 is based on an independent
(0.11+0.02 slopg and faster(0.62+0.08 slopefor longer calibration, with Ex determined using a clean Ag surface
air exposures. The latter regime is comparable to reoxidatioprior to the measurements, and a standard linear extrapola-

observed aftefNH,),S, passivation(0.56+0.08 slope The tion of the valence-ban@vB) edge placing the VB maxi-
Downloaded 13 Jun 2005 to 132.250.150.10. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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_ . passivated surface. There are additional practical advantages
\‘ & @ccumulation to using TAM for device passivation, including negligible

>3 50 etching and safer handling. For conventional electronics ap-
I plications, TAM offers a potentially superior passivation for
E 4 VBM stabilizing completed devices or for preparing devices for
ol T regrowth after processing. For biosensor applications, the or-
- \,l CBM ganic sulfide solutions closely match those reported for

\v preparation of self-assembled monolayers on G&Akere-

\\ . . . . fore, the TAM passivation can serve as a benchmark in the
08 -06 -04 -02 E.=0 02 04 development of InAs-based biointerfades.

Binding Energy (eV)
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